Zoothamnium niveum is a giant, colonial marine ciliate from sulfide-rich habitats obligatorily covered with chemoautotrophic, sulfide-oxidizing bacteria which appear as coccoid rods and rods with a series of intermediate shapes. Comparative 16S rRNA gene sequence analysis and fluorescence in situ hybridization showed that the ectosymbiont of Z. niveum belongs to only one pleomorphic phylotype. The Z. niveum ectosymbiont is only moderately related to previously identified groups of thiotrophic symbionts within the Gammaproteobacteria, and shows highest 16S rRNA sequence similarity with the free-living sulfur-oxidizing bacterial strain ODIII6 from shallowwater hydrothermal vents of the Mediterranean Sea (94.5%) and an endosymbiont from a deep-sea hydrothermal vent gastropod of the Indian Ocean Ridge (93.1%). A replacement of this specific ectosymbiont by a variety of other bacteria was observed only for senescent basal parts of the host colonies. The taxonomic status "Candidatus Thiobios zoothamnicoli" is proposed for the ectosymbiont of Z. niveum based on its ultrastructure, its 16S rRNA gene, the intergenic spacer region, and its partial 23S rRNA gene sequence.
Symbioses of eukaryotes with chemolithoautotrophic sulfuroxidizing (thiotrophic) bacteria are widespread and known from diverse marine sulfidic habitats, ranging from shallow subtidal sands and macrophyte debris to deep sea cold seeps and hydrothermal vents (14, 24, 25, 45) . The giant peritrich ciliate Zoothamnium niveum (Ciliophora, Oligohymenophora) is host of one of the most remarkable of such symbioses. This sessile, colonial ciliate was originally described more than 150 years ago from the Red Sea (20, 30) ; later it was also found in the Lower Keys of Florida (Gulf of Mexico) and at the Belize Barrier Reef (Caribbean Sea) (4) . Typically Z. niveum occurs on mangrove peat walls in groups of more than 100 colonies, with an estimated group life of approximately 20 days, predominantly at sites where the microbial surface mat has been destroyed (44) .
The feather-like Z. niveum colonies, which reach sizes up to 1.5 cm, consist of a central stalk with branches occurring alternately on the stalk and three cellular morphotypes on the branches: (i) microzooids are the feeding stages; (ii) macrozooids are the dispersal stages, capable of leaving the colony as large swarmers to build a new colony after settlement; and (iii) terminal zooids are responsible for asexual reproduction by longitudinal fission (4, 5) (Fig. 1) .
Z. niveum has been found exclusively in obligatory association with ectosymbiotic bacteria that are responsible for the ciliate's brilliant white color (4, 5) . Z. niveum is virtually completely covered by these bacteria appearing as rods and coccoid rods arranged in a highly specific and permanently occurring pattern (Fig. 2) . Macrozooids, terminal zooids, and branches are occupied by a monolayer of rod-shaped bacteria (average length, 1.4 m; average width, 0.4 m), whereas bacteria on the oral side of microzooids are coccoid to rod shaped (average length, 1.9 m; average width, 1.0 m) (5) . The series of transitional morphological stages from rods to coccoid rods found on the microzooids suggests the presence of a single ectosymbiotic bacterial species on Z. niveum (5, 7) . This regular coat, however, appears to be disturbed and replaced by a variety of other bacterial morphotypes on the basal parts of large colonies only (44) .
Culture and incubation experiments showed that Z. niveum is unable to survive without its symbionts (4) , and physiological studies applying 14 C-labeled bicarbonate incubations (48) and Cartesian diver experiments (44) indicated that the Z. niveum ectosymbionts are thiotrophic bacteria. Since none of the known thiotrophic symbionts have yet been cultivated without their respective hosts, culture-independent approaches have to be employed to reveal the identity of these elusive bacteria (3).
Here we investigated by scanning electron microscopy (SEM), 16S rRNA gene sequencing, comparative sequence analysis, and specific fluorescence in situ hybridization (FISH) the thiotrophic ectosymbionts of Z. niveum. We identified a single bacterial phylotype representing the Z. niveum ectosymbiont, which is only moderately related to known symbiotic and free-living bacteria within the Gammaproteobacteria. Only on basal, senescent parts of large colonies was the symbiont replaced by a variety of other bacteria. For classification of the Z. niveum ectosymbiont we propose the tentative taxonomic status "Candidatus Thiobios zoothamnicoli."
MATERIALS AND METHODS
Sample collection and fixation. Samples of Zoothamnium niveum colonies were cut from peat surfaces in 1 to 3 m depth at different locations in the main osmium tetroxide in natural seawater), and for scanning electron microscopy (2% osmium tetroxide in natural seawater). All solutions were sterile filtered. Applying osmium tetroxide fixation, natural seawater was evaporated by boiling to half of its volume and mixed 1:1 with 2% (for FISH) or 4% (for SEM) aqueous osmium tetroxide. All specimens preserved for FISH and SEM were rinsed in PBS three times for 5 min each, dehydrated in 30 and 50% ethanol for 5 min each, and stored in 70% ethanol until further treatment up to a year later.
Scanning electron microscopy. Specimens fixed for SEM and stored in 70% ethanol were further dehydrated, critical point dried, and sputter coated (4) . A Philips XL 20 scanning electron microscope was used to view the colonies.
PCR, cloning, and DNA sequencing. Specimens stored in 96% ethanol were transferred to PBS, followed by short pulses of vortexing to mechanically disintegrate the large Z. niveum colonies; 5 l of this PBS solution containing a mix of host tissues and symbionts was directly used as the template for PCR without prior DNA extraction. PCRs were performed in a temperature gradient thermocycler with a standard PCR cycling program and an annealing temperature of 55°C. A typical PCR mixture contained 2 mM of MgCl 2 , 0.2 mM of deoxynucleoside triphosphate, 1.5 U of Taq DNA polymerase (Promega GmbH, Mannheim, Germany), 50 pM of forward and reverse primer, and 5 l of the Z. niveum mix in a total volume of 50 l.
The forward primer 616V (5Ј-AGA GTT TGA TYM TGG CTC-3Ј) (33) targeting the 5Ј end of the 16S rRNA gene of all bacteria was used in combination with the unlabeled probe GAM42a (5Ј-GCC TTC CCA CAT CGT TT-3Ј) targeting the 23S rRNA of all Gammaproteobacteria at Escherichia coli position 1027 as the reverse primer (38) . PCR products were separated by electrophoresis using a 2% agarose gel. Gels were stained with ethidium bromide and visualized by UV transillumination. Amplification products in the desired size (approximately 3,000 bp) were cut out and purified with GELase (Epicenter, Madison, WI). The TopoXL cloning kit (Invitrogen Life Technologies, Karlsruhe, Germany) was used for all cloning reactions. The nucleotide sequences of cloned DNA fragments were determined by cycle sequencing of purified plasmid DNA with the Thermo Sequenase cycle sequencing kit (Amersham Life Science, Little Chalfont, United Kingdom) with dye-labeled, vector-specific primers using an automated DNA sequencer (LI-COR 4200; LI-COR Inc., Lincoln, NE) under conditions recommended by the manufacturers.
Phylogenetic analysis and probe design. The nucleotide sequences obtained were added to a 16S rRNA database containing more than 14,000 16S rRNA sequences using the ARB program package (37) . Automatic alignment was performed with the tool of the ARB package and subsequently corrected by A filter considering only those alignment positions that were conserved in at least 50% of all Gammaproteobacteria sequences was applied, and only sequences with a length of more than 1,300 nucleotides were used for tree calculations.
Probe design was performed with the tool of the ARB software package (37) . To demonstrate that the 16S rRNA sequence obtained is not chimeric, two differently labeled Z. niveum ectosymbiont-specific probes (targeting near the 5Ј and the 3Ј ends of the retrieved 16S rRNA sequence) ( Table 1) were designed. The probe sequences obtained were checked with the Probe Match tool integrated in the ARB, as well as against all 16S rRNA sequences in the Ribosomal Database Project by the implemented tool Probe Match (15) . The nucleotide sequences of the newly designed probes ZNS196 and ZNS1439 have been deposited at probeBase (36; www.microbial-ecology.net/probebase).
Fluorescence in situ hybridization. The probes listed in Table 1 were labeled on their 5Ј end with the fluorescent dyes Cy3, Cy5, or fluorescine (Fluos) (Thermo, Ulm, Germany). Specimens fixed for FISH and stored in 70% ethanol were rehydrated in 50 and 30% ethanol for 3 min each, transferred to 0.02 M Tris-HCl (pH 8), and dried on SuperFrostPlus microscope slides (Menzel-Gläser, Braunschweig, Germany) at 46°C for 10 min. FISH was carried out according to Manz (38) on whole-mount specimens. Finally, slides were washed briefly with ice-cold distilled H 2 O, air dried, and embedded in Vectashield (Vector Laboratories, Burlingame, CA). Optimal hybridization conditions for the newly developed probes ZNS196 and ZNS1439 were determined with Z. niveum ectosymbionts, applying a series of formamide concentrations (0 to 40%) in hybridization buffer (56) .
Positive and negative hybridization controls were the EUBmix probe set (consisting of EUB338, EUB338II, and EUB338III) (2, 16) , targeting all Bacteria and probe NON338, complementary to EUB338 (57), respectively. Probe GAM42a targeting all Gammaproteobacteria was always applied in combination with the unlabeled BET42a probe as a competitor, and vice versa (BET42a probe with the unlabeled GAM42a as competitor) (38) . Hybridized samples were examined using a confocal laser scanning microscope (LSM 510 Meta; Carl Zeiss, Jena, Germany) equipped with two helium-neon lasers (543 and 633 nm) and an argon laser (458 to 514 nm). Image analysis was performed with the standard software package delivered with the instrument (version 3.2).
Nucleotide sequence accession number. The 16S rRNA gene, the intergenic spacer region and the partial 23S rRNA gene sequence of the Z. niveum ectosymbiont have been deposited in the public databases GenBank/EMBL/DDBJ under accession number AJ879933.
RESULTS
Scanning electron microscopy. The symbiotic coat of Zoothamnium niveum was found to consist of a bacterial monolayer of rods, coccoid rods, and intermediate shapes, as reported previously (45) (Fig. 2 ). An overgrowth of various bacteria could be observed not only for the lower stalk (44) but also for the lower branches of large and therefore senescent colonies (Fig. 2) .
Amplification, cloning, and sequencing of rRNA genes, and phylogenetic inference. Initial FISH experiments using the bacterial EUBmix (2, 16) probe GAM42a and probe BET42a, targeting all Gamma-and Betaproteobacteria, respectively, revealed that the ectosymbiotic coat of Z. niveum consists exclusively of Gammaproteobacteria. Therefore we chose a directed approach for PCR amplification of the ectosymbiont 16S rRNA gene by applying the bacterial 16S rRNA gene-targeted forward primer 616V (33) in combination with the unlabeled probe GAM42a, targeting the 23S rRNA of Gammaproteobacteria (38) , as the reverse primer.
The PCR product was cloned and two clones were sequenced. The sequences obtained were found to be identical; they were 2,956 nucleotides in length and included the com- All tree methods used to resolve the phylogenetic relationships of the Z. niveum symbiont to other Gammaproteobacteria in our data set provided similar results. Within a cluster of thiotrophic symbiotic and free-living Gammaproteobacteria, the Z. niveum symbiont formed a monophyletic group together with strain ODIII6 and the scaly snail endosymbiont (Fig. 3) . A characteristic deletion at E. coli 16S rRNA positions 455 to 477 was detected in all three 16S rRNA sequences within this group.
Fluorescence in situ hybridization. Paraformaldehyde fixation of Z. niveum resulted in adequate FISH signal intensity of the bacterial ectosymbionts, but unfortunately caused detachment of the bacteria from their host cells. Therefore we used osmium tetroxide-fixed samples for FISH as these yielded a good signal intensity as well as an excellent morphological preservation of host cells, including an intact bacterial coat. Two specific oligonucleotide probes, ZNS196 and ZNS1439, targeting the 5Ј end and the 3Ј end of the obtained 16S rRNA sequences, respectively, were designed for the specific detection of the Z. niveum ectosymbiont (Table 1) . Both probes showed at least two strong mismatches to all other 16S rRNA sequences available in the public databases. However, the lowest number of mismatches was observed with 16S rRNA gene clone sequences, a pathogenic bacterium causing bacteremia in humans, and Cyanobacteria, none of which represented a suitable nontarget organism for the new probes. For both ectosymbiont-specific probes, a formamide concentration of 35% in the hybridization buffer was found to be optimal and was subsequently used for all FISH experiments.
FISH has been demonstrated previously on many occasions to be able to discriminate even single nucleotide mismatches under these highly stringent conditions (3). Thus, the conditions applied in our experiments virtually exclude the possibility of nonspecific hybridizations. Furthermore, an additional level of reliability is provided by the use of not one but two probes targeting the same symbiont specifically at two different 16S rRNA target regions. The specificity of our hybridization conditions was further demonstrated by the application of the betaproteobacterial probe BET42a, which did not hybridize to the gammaproteobacterial Z. niveum ectosymbiont (showing only one mismatch to this probe).
FISH of whole-mount Z. niveum colonies using the ectosymbiont-specific probes ZNS196 and ZNS1439 under these stringent conditions demonstrated that, except for the bacteria on the basal parts of larger colonies, all bacteria constituting the bacterial coat on the surface of Z. niveum hybridized with the symbiont-specific probes, probe GAM42a, and the EUBmix probe set. This included the rod-shaped ectosymbionts on the stalk, branches, and terminal and macro-and microzooids, as well as the coccoid rod-shaped ectosymbionts and intermediate forms between rods and coccoid rods on the microzooids (Fig. 4) . Simultaneous hybridization signals of the two differently labeled Z. niveum ectosymbiotic probes showed that the retrieved 16S rRNA gene sequence was not chimeric, and the application of probe NON338 (complementary to bacterial probe EUB338) as a negative control yielded no detectable fluorescence signals (data not shown), further demonstrating that the observed fluorescence signals were specific and not caused by autofluorescence or unspecific staining of bacteria. The mostly rod-shaped or filamentous bacteria on the basal parts of large colonies were stained by the EUBmix probe set (Fig. 5) . Some of these bacteria also hybridized with the Gammaproteobacteria probe GAM42a but none of them was detected with the symbiont-specific probes.
DISCUSSION
The 16S rRNA gene sequence analysis presented in this study revealed that the thiotrophic symbiosis of Zoothamnium niveum from Twin Cays (Caribbean Sea) is a specific association involving a single, pleomorph ectosymbiont species belonging to the Gammaproteobacteria. Although our approach did not allow us to exclude microheterogeneity within this symbiont population, we were able to demonstrate the transition of the Z. niveum ectosymbiont morphology from rods to coccoid rods on the microzooids by SEM in this and in previous studies (4, 5) , and by FISH using two ectosymbiont-specific probes.
Structural polymorphism is not unusual in bacteria. Molecular evidence of pleomorphic species has been reported previously, e.g., for the soil bacterium Arthrobacter globiformis (51), the che- moautotrophic bacterium Thiomicrospira thyasirae (59) , certain pathogens such as Coxiella burnetii and members of the phylum Chlamydiae (29), as well as for the chemoautotrophic symbionts of bivalves and tubeworms (9, 18) . Transitions from rods to coccoid shapes are usually accompanied by changes in cell size, whereby either morphotype can be larger than the other. In the growth cycle of A. globiformis, for example, irregular rods in young cultures are replaced by smaller coccoid forms in older cultures (51) , whereas the chemoautotrophic thiotrophic endosymbiont of the tubeworm Riftia pachyptila is rod shaped and changes by terminal differentiation into larger cocci, showing transitional stages between the two morphotypes (8, 9), similar to the morphological stages observed for the Z. niveum ectosymbionts analyzed in this study.
In some well-studied free-living bacteria such as E. coli, the specific cell size is correlated with growth rate, which is related to nutritional and nonnutritional parameters (pH, temperature, osmotic strength, and hydrostatic pressure). Cell form modulations however are considered to be related to nutrition only (41) . In the case of the thiotroph symbiont, nutrition means chemicals for sulfide oxidation and carbon fixation. Therefore, we hypothesize that the physicochemical microhabitats (54, 55) of both morphotypes, coccoid rods being restricted to the oral, feeding side of the host's microzooids and rods on all other parts of the host, differ, leading to the different morphology and size of the symbionts.
The newly identified Z. niveum ectosymbiont forms a phylogenetic group with the bacterial isolate ODIII6 and a scaly snail endosymbiont. This monophyletic group thus includes free-living and ecto-and endosymbiotic bacteria from distantly located habitats ranging from shallow waters to deep-sea environments, from macrophyte debris and sediments to bare basalt hydrothermal vents. In addition, the geographic range of this bacterial group covers the Caribbean Sea, the Mediterranean Sea, and the Indian Ocean. However, all these habitats are sulfidic and therefore provide, in a most general sense, similar ecological conditions for thiotrophic bacteria. The mangrove peat walls at Twin Cays (Caribbean Sea), where Z. niveum lives, were shown to release sulfide by diffusion in concentrations up to 250 M (44). From shallow-water hydrothermal vents at Palaeochori Bay (Mediterranean Sea), where strain ODIII6 was isolated from sediment (49) , sulfide concentrations range from 10 to 1,000 M (52). The host of the scaly snail endosymbiont was discovered at the base of black smoker chimneys, presumably a zone of mixing between warm sulfiderich vent fluids and cold, oxygen-rich deep-sea water (53, 58) . Indeed, there is evidence that at least the free-living bacterial strain ODIII6 and the Z. niveum ectosymbiont show a similar physiological background.
Strain ODIII6 is capable of oxidizing thiosulfate in culture (34), while oxygen uptake experiments with Cartesian divers (44) indicated that the Z. niveum ectosymbiont is also a thiotroph. Furthermore, incubations with 14 C-labeled bicarbonate in sulfide or thiosulfate added to seawater suggested that the Z. niveum ectosymbiont was capable of oxidizing both sulfur species to gain energy for autotrophic carbon fixation (48) . Data on the physiology of the scaly snail endosymbiont are not yet available (28) .
In addition, a variety of differently shaped, mostly filamentous Bacteria, some of which are Gammaproteobacteria, were found on the stalk and on some branches at the basal parts of large Z. niveum colonies. The fact that these bacteria occurred only on senescent, basal stalk and branches, and that they did not hybridize with the ectosymbiont-specific probes, suggests that they are nonspecific microbial epigrowth. Z. niveum colonies need more than 4 days to develop to a full-grown stage (43) , but after 4 days, the oldest basally located host cells have already become senescent. Successively, the specific ectosymbionts are lost and appear to be replaced by other bacteria forming the nonspecific epigrowth. Eventually, Z. niveum host cells die, leaving the naked stalk and branches. These observations indicate the existence of a mechanism to ensure growth of the ectosymbiont and to prevent nonspecific microbial fouling on the host surface at the same time.
Bacterial partners in thiotrophic symbioses known so far belong to two classes of Proteobacteria. Whereas the ectosymbionts of the shrimp Rimicaris exoculata (46) and of the polychaete Alvinella pompejana (13) are Epsilonproteobacteria, the majority of chemoautotrophic sulfur-oxidizing ecto-or endosymbiotic bacteria belong to the Gammaproteobacteria. All treeing methods applied to our data set support four monophyletic groups comprising thiotrophic symbionts within a cluster of Gammaproteobacteria, in addition to the monophyletic group containing the Zoothamnium niveum ectosymbiont: (i) the endosymbionts of two bivalve families, Vesicomyidae and Mytilidae, cluster together as established previously (17) (27) . The exact branching order between these groups of thiotrophic Gammaproteobacteria could not be resolved by comparing the results of the different treeing methods. Interestingly, a deletion at E. coli 16S rRNA positions 455 to 477 was found in the 16S rRNA gene sequence of the Z. niveum ectosymbiont, strain ODIII6, and the scaly snail endosymbiont. This deletion was thought to be unique to the genus Thiothrix within the Gammaproteobacteria and some members of the Epsilonproteobacteria (31, 35) . This deletion clearly separates the monophyletic group containing the Z. niveum ectosymbiont and members of the genus Thiothrix from all other known Gammaproteobacteria. Since the occurrence of this deletion twice in separate evolutionary lineages is more unlikely than a single deletion event, it is tempting to speculate that the group containing the Z. niveum ectosymbiont and the members of the genus Thiothrix originate from a common free-living ancestor from sulfidic habitats.
According to Stackebrandt and Goebel (50) the 16S rRNA sequence similarity threshold for the unambiguous differentiation of two species is 97%. This suggests that the newly identified Z. niveum ectosymbiont and its closest relatives, isolate ODIII6 and the scaly snail endosymbiont, represent different species. We therefore propose the taxonomic status Candidatus (40) for the ectosymbiont of Z. niveum with the following description:
"Candidatus Thiobios zoothamnicoli" [thio (Gr.), sulfur; bios (Gr.), life; on (Gr.), unit, neutrum; Zoothamnium (L.), genus of the ciliate host; colo (L.), inhabit]. Phylogenetic position: Gammaproteobacteria; gram-negative-type cell wall; pleomorphic morphology, ranging from rods to coccoid rods (rods 1.4 by 0.4 m; coccoid rods 1.9 by 1.0 m). Basis of assignment: 16S rRNA gene, intergenic spacer region, and partial 23S rRNA gene sequence GenBank/EMBL/DDBJ accession number AJ879933, 16S rRNA-targeted oligonucleotide probes S-*-ZnSym-0196-a-A-19 (5Ј-CTG ATA GTG ACC GAA GTC T-3Ј) and S-*-ZnSym-1439-a-A-20 (5Ј-GAG CGC CCA TTA TTA AGC TA-3Ј). Not cultivated on cell-free media; ectosymbiont of Zoothamnium niveum (Ciliophora, Oligohymenophora) collected from mangrove peat walls, Barrier Reef of Belize; membrane-bound, electron-translucent vesicles resembling sulfur vesicles (4; this study).
In this study, for the first time, a chemolithoautotrophic sulfide-oxidizing ectosymbiont of a protist was identified at the molecular level. Protists with bacterial ectosymbionts are widely distributed and have also been observed for example in sulfide-rich habitats from subtidal sands (21, 22, 23, 26) and cold seeps (6, 12) . Future research should thus focus on the analysis of phylogenetic relationships and ecophysiology of the bacteria involved in these associations in order to get a more complete picture of the biology of the worldwide-occurring thiotrophic protist symbioses.
